Purpose of review Animal models will be critical for preclinical evaluations of novel HIV eradication and/or functional cure strategies in the setting of suppressive combination antiretroviral therapy (cART). Here, the strengths, limitations, and challenges of recent efforts to develop nonhuman primate (NHP) models of cART-mediated suppression for use in studies of persistent virus and curative approaches are discussed.
INTRODUCTION
Combination antiretroviral therapy (cART) has transformed HIV infection from a progressive, nearly uniformly fatal infection into a treatable chronic condition, but does not represent definitive treatment due to the persistence of residual virus despite prolonged, apparently effective suppressive treatment [1] [2] [3] [4] . This fact, along with anecdotal evidence for a 'functional cure' and possible eradication of HIV in a single person under very particular clinical circumstances has galvanized efforts to develop more definitive treatments [5 && ,6 
NONHUMAN PRIMATE SPECIES AND VIRUS
Multiple different NHP species and primate lentiviruses have been used for models of HIV infection ( [32] [33] [34] [35] [36] [37] [38] . Each combination of NHP species and virus arguably constitutes a distinct model with different strengths and limitations, and investigators should select the model best suited to address the question of interest in a given study, within practical constraints. Pathogenic NHP models have primarily utilized Asian macaque species, specifically rhesus macaques (Macaca mulatta), pig-tailed macaques (Macaca nemestrina), and cynomolgus macaques (Macaca fascicularis). A variety of viruses, including different clonal and viral quasispecies ('swarm') stocks of simian immunodeficiency viruses (SIV) and various chimeric simianhuman immunodeficiency viruses (SHIVs), have been used in NHP cART studies. There has even been some initial development and limited evaluation of minimally chimeric HIV strains containing small SIV-derived sequences intended to confer resistance to host restriction mechanisms that limit HIV replication in macaque cells [34, 35, 39] .
For investigations of cART suppression, residual virus remaining in the face of cART, and strategies targeting this residual virus, it is important to use a model that demonstrates robust, reproducible, authentic pathogenesis recapitulating key features of human HIV infection. Infections of Indian rhesus macaques with the SIVmac251 viral quasispecies or the genetically related SIVmac239 infectious molecular clone constitute the most extensively used and well characterized pathogenic NHP lentivirus infections, and have been shown to accurately model numerous aspects of human HIV-1 infection, including early and sustained depletion of mucosal CD4 þ CCR5 þ T cells, and systemic chronic immune activation, ultimately leading to AIDS-defining opportunistic infections and neoplasms within 1-2 years (reviewed in [40] ).
An alternative model of SIV infection, originally developed to model lentiviral central nervous system (CNS) disease, that has been adapted for NHP cART-suppression studies utilizes pig-tailed macaques inoculated with a mixture of the immunosuppressive SIV/DeltaB670 viral swarm and the CD4-independent, macrophage-tropic, neurovirulent infectious molecular clone, SIV/17E-Fr [26, 41] . This model features an accelerated disease course with high viral loads, precipitous declines in CD4 þ T cells in blood, and encephalitis within 3 months of infection in a majority of untreated animals [41] . Consistent infection of the brain in this model [41] may make it particularly well suited for assessments of potential residual virus and ART sanctuaries in the CNS [26, 29] .
Nonnucleoside reverse transcriptase inhibitors (NNRTIs) are not effective against SIVs. Although it is currently unclear how different cART regimens and their associated pharmacologic properties might affect the development and maintenance of a residual virus pool and its response to particular therapies, inactivity of NNRTIs against SIV limits cART regimen options for SIV/NHP models. Investigators have, therefore, engineered chimeric SHIVs, inserting a NNRTI sensitive HIV-1 RT gene into a SIVmac239 backbone (RT-SHIV mac239 ) or a SIVmne backbone (RT-SHIV mne ) for use in rhesus or pigtailed macaques, respectively [30, [42] [43] [44] [45] . Detailed pathogenesis data for RT-SHIV infections are somewhat limited, however, RT-SHIV mac239 viral RNA (vRNA) has been detected at high levels in gutassociated lymphoid tissue cells of rhesus macaques [17] and RT-SHIV-infections of both pig-tailed and rhesus animals have led to AIDS-like clinical endpoints with declining CD4 þ T cell counts in blood [18, 30, 42] .
Regardless of the model used, it is important to have a clearly established understanding of the
KEY POINTS
Multiple NHP models are available for studies of suppressive cART, and strategies for targeting this virus to achieve functional cure or virus eradication; each has its own strengths and limitations.
NHP models will play a key role in the evaluation of residual virus remaining in the face of suppressive cART, and strategies for targeting this virus to achieve functional cure or virus eradication.
In-vivo levels and activity of antiretroviral drugs, as dosed, should be determined empirically to allow interpretation of cART suppression studies in NHP models.
Premature standardization of NHP models for studies of suppressive cART, and strategies for targeting this virus to achieve functional cure or virus eradication should be avoided, until the different models are better developed and characterized to understand their properties, advantages, and limitations. relevant features of pathogenesis to provide interpretive context for results obtained with different interventions. As protective MHC alleles associated with an increased frequency of spontaneous host control of SIV infection have been described in some NHP models [46, 47] similar to HLA-B27 and HLA-B57 in human HIV infection [48, 49] , it is important to account for this factor in designing and interpreting studies especially in seeking to meaningfully expand results from anecdotal observations in individual animals or small numbers of animals to protocols that can be robustly reproduced at the population level across larger experimental groups.
COMBINATION ANTIRETROVIRAL THERAPY DRUGS
Despite substantial relatedness between SIV and HIV, drugs developed to inhibit various aspects of HIV replication can have lower or, as in the case of NNRTIs, essentially no activity against the cognate SIV targets. It is, therefore, critical to establish the potency of antiretroviral drugs directly against the virus to be used in a NHP model, ideally determining a plasma-adjusted 95% inhibitory concentration (IC 95 ) level. The recently introduced concept of instantaneous inhibitory potential [50 && ] may also help guide choice of drugs for different applications. As the pharmacology of different drugs can vary between humans and NHP, and even between different species of NHP, it is important to determine dosing regimens that achieve and maintain the intended inhibitory concentrations in vivo, with above threshold trough levels being particularly important for some drugs. Pharmacological monitoring is, therefore, critical for evaluating efficacy or lack of apparent efficacy. Drug penetration to key tissue sites of viral replication may also be important in achieving maximal cART suppression of viral replication [51] and NHP studies may have much to offer in addressing this question.
Confirmation of in-vivo antiviral activity as monotherapy is helpful, and development of drug resistance mutations can provide evidence of invivo selective pressure. The nucleoside reverse transcriptase inhibitor (NRTI) tenofovir [(R)-9-(2-phosphonylmethoxypropyl) adenine; PMPA] ( & ] was originally shown to prevent SIV infection in preexposure and postexposure prophylaxis in NHP [60, 61] and this drug (and the related prodrug tenofovir disoproxil fumarate) remains a core component of most cART regimens for NHP studies. Other NRTIs, such as emtricitabine (FTC) and lamivudine (3TC), have demonstrated reductions in plasma viremia in monotherapy studies in SIV-infected macaques, with subsequent selection for drug resistant viral variants [62] ; interestingly, combining PMPA with FTC selects for reversion of FTC resistance [54] . Virologic suppression and selection for drug-resistant viral variants in infected macaques have also been reported for some integrase strand transfer inhibitors (IN-STIs), such as Raltegravir and L-870812 [9, 58] . We have administered the protease inhibitor Darunavir to SIVinfected rhesus macaques in monotherapy experiments and observed a decline in plasma viremia and the outgrowth of drug resistant viral mutants (Del Prete GQ, Lifson JD, unpublished data). Other protease inhibitors, atazanavir (ATZ), saquinavir (SQV) [26,28 & ,29], lopinavir [55] , and indinavir [37, 38] have also been used effectively in cARTsuppression studies in macaques. In addition to the drug classes discussed above, RT-SHIVs can also be inhibited by NNRTIs. Efavirenz (EFV) has effected virologic suppression in both RT-SHIV mac239 -infected rhesus macaques and RT-SHIV mne -infected pig-tailed macaques. Nevirapine, however, was ineffective in pig-tailed macaques, apparently due to pharmacologic/bioavailability issues [30] despite activity against RT-SHIV in vitro [43] and in cynomolgus macaques [57] , emphasizing the importance of defining the activity of each ART regimen for a given host and virus model. NNRTI-containing three-drug regimens including EFV and two NRTIs (PMPA with FTC or 3TC) have demonstrated suppression of RT-SHIV replication to clinically relevant levels (i.e., below 50 vRNA copies/ml of plasma) [15, 17, 18, 30] . Although individual antiretrovirals can effect declines in plasma viral loads and select drug resistant variants in SIVinfected Indian rhesus macaques, durable reduction of SIVmac239 and SIVmac251 replication to clinically relevant levels has proven more challenging (Fig. 1) . Basic three-drug regimens in SIVmac239/ 251-infected Indian rhesus have often been insufficient to suppress plasma viremia to levels approaching those measured in well suppressed HIV-1-infected humans, particularly in animals with higher pretreatment viral loads [7, 11, 14, 59 & ], however cART regimens containing four or more drugs have been more promising (Fig. 1) [12,59 & ]. Similarly, in SIV/deltaB670-SIV/17E-Fr-infected pigtailed macaques, a four drug cART regimen consisting of one NRTI (PMPA), one IN-STI (L-870912), and two PIs (SQV and ATZ), has resulted in plasma viremia declines to less than 100 vRNA copies/ml [26,28 & ,29] . Drug toxicity is a general concern, particularly as protocols in NHP models can involve dosing at levels higher than typical clinical doses. Renal toxicity with either acute or chronic overdosage of Table 2 . Antiretroviral drugs used in nonhuman primate combination antiretroviral therapy suppression models PMPA has been demonstrated but can be avoided with appropriate dosing [52, 63] . Although the NRTIs didanosine (ddI) and stavudine (d4T) have demonstrated anti-SIV activity, a significant proportion of macaques receiving regimens containing these drugs have developed diabetes after more than 25 weeks of dosing, likely due to ddI toxicity [8, 56] . Investigators should always be aware of the possibility of drug-drug interactions that could influence drug levels and either efficacy or toxicity when evaluating new drug combinations, as was seen when a ddI-containing cART regiment was combined with administration of the IDO inhibitor D-1mT and the CTLA-4 blocking antibody MDX-010, resulting in fatal pancreatitis in all treated animals [56] . In addition to the particular drugs administered (Table 2) , the timing and duration of treatment is critical for any experimental cART regimen. For many NHP cART-suppression studies, therapy is initiated relatively early in infection [15,17,18,26,28 & ,29,30] due to practical considerations as well as concerns over the potential development and archival of multiple drug-resistant variants during prolonged high level viral replication. Indeed, a recent RT-SHIV mne EFV monotherapy study using an ultrasensitive allele-specific PCR method demonstrated that EFV drug resistance mutations existed at low frequencies within the circulating virus population at 13 weeks postinfection, prior to the initiation of therapy [31 & ]. Early cART initiation has been shown to impact the magnitude of later, off-treatment viremia rebound, however, suggesting that cART timing may influence the seeding and establishment of the latent viral reservoir and/or the development of antiviral immune responses [37, 61, [64] [65] [66] [67] [68] , similar to findings for humans treated during acute infection [69,70,71 & ]. It remains possible that initiating therapy later in infection might benefit from the additive impact of adaptive immune responses, and several studies have demonstrated good virologic suppression when cART was initiated later in infection [8,9,14,59 & ]. Further studies are required within each model system to determine the effects of the timing of ART initiation, including with regard to modeling clinically relevant phenomena.
VIROLOGICAL MONITORING
Key to the use of NHP models for these studies is the availability of assays for virological monitoring to assess the efficacy of cART and the impact of interventions on residual virus. The most prominent methods used are quantitative PCR/RT-PCR (qPCR/qRT-PCR) methods, typically employing real time assay approaches [72, 73] . Although standard clinical plasma viral load assays used for HIV-1-infected humans have a 50 vRNA copy/ml quantification limit, studies using more sensitive measures have found that the majority of cART-suppressed HIV-1-infected patients have measurable residual viremia below this level [74] [75] [76] [77] [78] . A comparable degree of suppression may, thus, be important for modeling cART-suppressed patients and would also provide low baseline viral loads, which may be critical for evaluating the effect of therapies designed to impact rare and limited numbers of target cells [79 && ]. Ultrasensitive assays have been developed for measuring plasma vRNA in NHPs, utilizing real time qRT-PCR assays with larger volumes of source specimen to achieve sensitivities approaching ultrasensitive assays for plasma HIV RNA [15,28 & ]. A recent human study reported an increase in cell-associated vRNA in resting CD4 þ T cells from blood following a single dose of the histone deacetylase inhibitor Vorinostat, intended to induce expression of latent proviruses in cART-suppressed patients [79 && ]. Assays for measuring cell-associated vRNA and viral DNA (vDNA), normalized to parameters reflecting the number of cell equivalents analyzed, have been developed for NHP models, including assays to assess different viral transcript classes, and are being used for similar kinds of studies. Such assays are also being applied to NHP biopsy and necropsy tissues. In cART-suppressed RT-SHIV mac239 -infected rhesus macaques, cell-associated vRNA was detectable only in lymphoid and gastrointestinal tissues, whereas vDNA could be detected in a wide range of tissues, including lymphoid, gastrointestinal, and reproductive tissues as well as sporadic, limited detection in neurological tissues [18] . Intriguingly, vRNA was below the limit of detection in brain samples from ART-treated SIV/ deltaB670-SIV/17E-Fr-infected pig-tailed macaques, however, vDNA levels in this compartment were comparable between ART-treated and untreated animals, reflecting the biology of this system [24, 29] . Variability in nucleic acid yield and purity can make such analyses challenging, requiring internal controls to assess possible inhibition of PCR or RT-PCR reactions. In addition, the variable content of potential viral target cells in different tissues can complicate interpretation of results, so qPCR/qRT-PCR results are ideally complemented by flow cytometry analysis to assess the frequency of potential target cells in analyzed tissues. Alternatively, analyses can be performed on fluorescenceactivated cell sorting (FACS) sorted specimens enriched for potential target cells, although selective loss of cell populations in the processing and analysis of samples can complicate this approach.
Although real time qPCR/qRT-PCR assays typically provide a nominal copy number of target template per reaction, based on interpolation into an external standard curve, such approaches are limited by the amount of nucleic acid input per reaction that can be assayed before reaction inhibition affects results. With assays approaching or at the theoretical maximum per reaction sensitivity, the only way to further increase practical sensitivity in determining viral nucleic acid copies/cell equivalents analyzed is to increase the effective number of cells surveyed. As this cannot be achieved by increasing per reaction nucleic acid input, methods have been developed that employ the use of nested PCR or RT-PCR amplification in many replicate reactions, allowing estimation of the frequency of cells harboring amplifiable nucleic acid templates based on Poisson distribution calculations [73] . For direct evaluation of viral nucleic acids in fixed tissue sections, improved in-situ hybridization (ISH) techniques using viral lineage specific probes [80] or novel branched probe signal amplification approaches [81] offer improved sensitivity over traditional ISH methods.
Although the above methods allow quantification of viral nucleic acids, they do not address the replication competence of the sequences detected, a key distinction as it is well documented that a substantial fraction of viral DNA sequences in chronic infection represent replication defective variants (reviewed in [82] ). Accordingly, various virus rescue culture methods have been employed to assess the frequency of replication competent viruses [2, 3, 22, 26] . Although such assays, typically referred to as infectious units per million cells (IUPM) assays, certainly provide at least a minimum estimate of the frequency of cells harboring replication competent viruses potentially capable of giving rise to recrudescent infection when cART is stopped, such assays have been expensive, time and labor intensive, and relatively insensitive with a limited dynamic range, restricting their use. Efforts to date to address these issues with simplified versions of these assays have only partially addressed the problems [83] . An alternative approach, intermediate between measurement of viral nucleic acids and assessment of replication competent virus, is to use shorter term in-vitro cultures of stimulated cell populations with a supernatant RT-PCR readout for virus production (Del Prete GQ, Lifson JD, unpublished data).
Although all of these in-vitro analyses have their merits, for studies of residual virus in cART suppressed animals and evaluation of strategies targeting this residual virus, the gold standard remains diagnostic withdrawal of cART to assess viral rebound, with lack of such rebound upon cART withdrawal constituting de facto evidence of a 'functional cure'. Absent such clear cut qualitative results (no measurable off cART viral rebound), demonstrable impact on the extent or kinetics of off cART viral rebound may provide evidence of a partial beneficial effect of an intervention, but the natural history of these parameters following cART cessation in the absence of other interventions is insufficiently characterized in most models to allow interpretable results, particularly when such results can be dramatically influenced by experimental parameters such as the timing of cART initiation and duration [37, 61, [64] [65] [66] [67] [68] . Sequence analysis of the rebound viremia, coupled with tissue-based sequence analysis, may provide insights into the sources of recrudescent virus on cART withdrawal. The use of NHP models allows an additional in-vivo functional readout to assess potential viral eradication that is not available to clinical investigatorsadoptive transfer of large numbers of cells from a putatively cured animal to a naive host. Transfer of cells from cART suppressed animals rapidly results in robust infection of the recipients (Picker LJ, personal communication), providing a baseline against which to interpret results of transfer of cells from putatively cured animals.
CONCLUSION
Given the imperative for development of more definitive treatment approaches for HIV infection, NHP models will continue to play a key role in this important research area. However, for NHP models to be effective will entail much more extensive model development and characterization than has occurred to date. Even with optimal cART regimens and assays, there may be clinically relevant questions that cannot be effectively modeled in NHP systems. It has been suggested that dynamic virologic and immunologic changes can continue through the first 3 years on cART in HIV-infected patients, whereas in current practice cART administration in NHP is limited to less than 2 years. Nevertheless, NHP models have much to offer the field in addressing key questions. Especially for evaluating interventions targeting residual virus it will be important to characterize what fraction of potential target cells are impacted by the intervention (fractional hit), what is the fate of the impacted cells (induction of virus expression, vial cytolysis, apoptosis, immune clearance, cell proliferation?) and what is the duration of the effects. Studies to date suggest that multimodal treatments will likely be required to meaningfully impact residual virus, including novel therapeutic vaccination approaches with vectors that induce novel forms of persistent immune surveillance [73, 84, 85] . NHP models will play a key role in the evaluation of such approaches. In conducting this work it will be important to resist the seductive appeal of premature standardization of the field around a particular NHP model, until the strengths and limitations of different models for different aspects of this research are more fully understood.
